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One of the major goals of cosmological observations is to test theories of
structure formation. The most straightforward way to carry out such tests is
to compute the likelihood function £, the probability of getting the data given
the theory. We write down this function for a general galaxy survey. The full
likelihood function is very complex, depending on all of the n-point functions
of the theory under consideration. Even in the simplest case, where only
the two point function is non-vanishing (Gaussian perturbations), £ cannot
be calculated exactly, primarily because of the Poisson nature of the galaxy
distribution. Here we expand £ about the (trivial) zero correlation limit. As
a first application, we take the binned values of the two point function as free
parameters and show that £ peaks at (DD — DR + RR)/DD. Using Monte
Carlo techniques, we compare this estimator with the traditional DD/DR
and Landy & Szalay estimators. More generally, the success of this expansion

should pave the way for further applications of the likelihood function.
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I. INTRODUCTION

Recently, there has been a vast increase in both the quality and quantity of data accu-
mulated by observational cosmologists. The high quality of this observational work sets a
standard for theorists to interpret the data as carefully and meaningfully as possible. For
these purposes, the likelihood function has become a powerful tool for all cosmologists.
The likelihood function, £, is the probability of a given data set given a theory; as such
it is a natural way of connecting observations with theory. Examples of its application to
cosmological data sets include cosmic microwave background anisotropies, gravitational
lens studies and fitting absorption lines in QSO spectra.

Until now, though, there has been no attempt to apply likelihood techniques to galaxy
surveys. Instead, one typically determines the two-point function, £(r), or the power spec-
trum, P(k), from the survey using appropriately chosen estimators (usually depending
on the distribution of observed pairs of points). On the one hand, this is quite surprising:
it would be wonderful to use all the information in a survey instead of just one small
subset of it. If the galaxy distribution was Gaussian, so that only the two-point func-
tion mattered, it would make sense to neglect all the other information in the catalogue.
The galaxy distribution, however, is decidedly non-Gaussian, so the likelihood function,
which incorporates information from all the n-point functions, seems more appropriate.
On the other hand, the likelihood function for galaxies in a survey is a very complicated
beast. Even if the underlying density field were Gaussian (so that only the two point
function was non-zero), we would not necessarily expect an ad hoc estimator to be ideal.
Further, and perhaps most importantly, the galaxies themselves are a Poisson (or other)
sample of this underlying field, which introduces non-Gaussianity into the distribution
of galaxy locations. In §II, we write down £ and show that even for the Gaussian case it
is computationally unfeasible to calculate.

In §III, we propose one way to extract some information from the likelihood function:
we expand L about its value when all correlations are zero. This weak correlation limit
proves very fruitful. As an example, we consider a general 2-D (angular) survey (although
the validity of our results is not confined to 2-D) and a theory with the free parameters
being the value of the two-point correlation function wg in different angular bins. Thus,

in this example, £ is a function of the data and the parameters wg. We show that, for



each 8, L peaks at
wE — DD(6) — DR(6) + RR(6) (1)
6 DD(8)

where DD, DR, and RR are respectively the number of pairs of particles in the data set

with angular distances within the bin denoted by #; the number of pairs of particles—one
in the data set and one in a random catalogue—in the € bin; and the number of random
pairs in the bin . This estimator is very close to the one introduced by Landy & Szalay
(1993). (For other estimators, see Peebles (1980), Hewett (1982), and Hamilton (1993);
for a recent discussion of the Landy & Szalay estimator and a generalization to higher
order correlations, see Szapudi & Szalay (1997)). We regard this as a success of the
expansion: we are able to extract a reasonable estimator, one shown to be significantly
more effective than the traditional DD/DR. In §IV, we analyze these estimators more
carefully using Monte Carlo simulations to see which has the lowest variance. These
simulations suggest that the maximum likelihood estimator of Eq. 1 has a smaller variance
than both the traditional estimators and the Landy & Szalay estimator. In the course of
performing these simulations, we have uncovered additional terms in the variance of the
Landy-Szalay estimator which dominates over the normal Poisson term when there are
many galaxies in the survey. We present a simple derivation of these additional terms in
Appendix B.

While the application developed in §11I and §IV is useful, we feel the most important
feature of our analysis is the realization that the likelihood function can be approximated
in a meaningful way. This opens the door to a host of applications, some of which we
speculate about in the conclusion. Finally, to improve the readability of the text, we

have shifted most of the calculational details of the expansion in §III to Appendix A.

II. The Likelihood Function

The probability of finding N galaxies at positions Z1, Z, ..., Zxy and no galaxies else-

where in the survey volume V is given by
L = Pl#,Zs,...,2n;Po(V)|wa(0),n] = exp{Ws} nNdVidVy - - - dVy
X [Wl(fl)wl(fg) st Wl(:fN)
+ Wi(Zy, Z)Wi(Z3) - - - Wi(&n) + permutations
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+ Wu(Z1,%s) - Wa(Zn_1,Zn) + permutations (2)

where ®,(V) is the “proposition” that there are no galaxies in the sample other than those
at the specified Z;. Here we have assumed that there are no higher order correlations. The
general expression including higher order correlations was first written down by White
(1979); we do not reproduce it here. So the free parameters in the “theory” are the

density n and the two point correlation function, ws(6). The W,’s are then given simply

by

2
Wy — _nV—|-%/dV1dV2w2(f1,’fz)
Wl(:fl) = 1—n/dV2w2(£1,a_:’2)
Wz(fh’fz) = w2(£17£2) (3)

Here the infinitesmal “volume” dV; surrounds the position Z; and can be either 2-D
(areas) or 3-D (volumes). For a realistic survey, all of these volume integrals are to be
weighted by the selection function of the survey: this replaces the probability that there
are galaxies at the #; and no others with the probability of observing galaxies at the Z;
and nowhere else. In principle, by suitably recomputing the probability of the statement
®o(V), complications such as redshift-space distortions could be included.

We should also note that this expression assumes a particular model for the relation-
ship between galaxy positions and the underlying “number density field”: the galaxies
are a Poisson sample of the density. That is, the probability of finding a single galaxy
in an infinitesimal volume 8V around Z is just n(Z)6V < 1. We can then use a suitable
biasing prescription to connect the number density field n(&) to the mass density field.

Equation 2 is deceptively simple. A given line contains m occurences of the two point
function W,. The deceptiveness lies in the phrase “+ permutations”: there are many,
many terms included in this phrase. Consider the line with N/8 W,’s. The number of

ways of choosing 3N/4 galaxies and assigning each a factor of W1(Z;) is

N
(3N/a)l (N/4) (4)

The remaining N/4 galaxies can be arranged into W5’s in

(N/4)!
278 (/5! 2



ways. So the total number of terms on this one line is

N! 9-N/8

/syt anjay = BN e (6)

where the approximate equality uses Stirling’s formula. Even for a small catalogue with
a thousand galaxies, this line contains 10*®® terms! Each of these must be calculated
separately; and there are N/2 lines with comparable numbers of terms (and this is just for
the Gaussian case!). Clearly, an exact calculation of the likelihood function is out of the
question. We need to develop approximation schemes that will enable us to circumvent

an exact calculation.

ITI. Weak Correlation Limit

We are especially interested in the regime where the correlations are weak (w < 1).
In this regime, we might further expect non-Gaussianity to be negligible, at least when

we start from an initially Gaussian density field as from inflationary theories.

A. Zero Order Solution

We want to expand Eq. 2 about wy = 0. So let us first find the likelihood when
wy = 0. In this case the likelihood function is extremely simple; it reduces to the Poisson

distribution:
P[Z1,Za,...,Zn; Po(V)] = exp{—nV} nVdVidV, - - - dViy (7)

If we differentiate this with respect to the one free parameter, the density n, we find that

the likelihood function peaks when
n=n=N/V. (8)

The width of the likelihood function gives a measure of how accurately the parameter n

is known. One way to estimate this width is to expand In(L) around n = n:

1d*InP

In(P) = In(P[a]) + 5———|n=a(n - n)? +... (9)

5



In this simple example,

In(P) = —nV + N lIn(n) 4 constant

:—ﬁV—|—N1n(ﬁ)—|—%(g) (n—n)*+... (10)

i
So we can identify the width of the likelihood function as (a2/N)/? = (N/V?)/2 so that
én/n = N~'/2 which is of course the correct answer for a Poisson distribution. Note
that the Poisson distribution considered as a function of n is skewed. So if we choose as
our estimator (say) the mean rather than the mode, we would find a different answer;
for a large survey, this is clearly a tiny effect.

We now pursue this approach including correlations. Specifically, we calculate the
first derivative of In(P) and set it to zero in order to determine the free parameters.

Then we calculate the second derivative to calculate the width of the likelihood function.

B. First Order Solution for n

The starting point is Eq. 2:

1 a a,b
InP = Wo + Nlnn + In H Wl(ffa) + 5 ZZW2(£G7£b)H Wl(:fc)
a a b c

a ababc a,b,c,d

¥ zl—szgzgvvz(fa,mwz(fmfd) II wi(.) (1)

where we have dropped irrelevant constants [such as InV]. We need to expand this
to second order in wsy; then when differentiating to find the maxmium, we will get a
linear equation for wy. Therefore, only terms up to second order in W, have been kept.
Another facet of this expansion—which is detailed in Appendix A—is that all the W;’s
in the WoW, [T W; term (last in the square brackets above) can be set to one. Similarly,
all but one of the W;’s in terms of the type W5 [[ Wi can be set to one, etc. We have
introduced the notation of superscripts on Y,[]. These indicate which galaxies should
not be summed or mulitplied over. Thus, 3.° means sum over all a = 1,..., N except

a = b. For example,

i =D (1 —bap)(1 — bac), (12)

the generalization to more or fewer superscripts should be plain.
Now, a word about the factors of 2, which may be a source of confusion: the term

with one W, clearly has one factor of two to account for the fact that we are double
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counting W(Z1, %) and Wy(Z2,#1). The term with two W,’s obviously needs two of
these types of factors. But it also needs another one to account for Wy(Zy, Z2)Wa (&3, Z4)
and Wy (&3, £4)Wa(Z1, Z2), hence the 1/23 factor before the last term.

It is worthwhile here to introduce the notation of Landy & Szalay. For these purposes
we divide the survey volume into K cells, each of which is so small that it contains at

most one galaxy. Then
174 K
dV = — 13
[av =53 (13)
where the sum over 7 includes even those cells that don’t have galaxies in them. With

this notation, Wy and W; can be rewritten as

n2V?2
Z!J
. nV N
Wl(azl) =1- ? ng(azl,azi) (15)

It is worth noting that if one goes over the original derivation by White (1979), the
summation over ¢z and 7 in the above two equations should, strictly speaking, range over
only empty cells. We do not place such restrictions here, essentially working in the
continuum limit, even though we represent the integrals as discrete sums.

Now let’s find the value of the density at the maximum of the likelihood function.

We need to differentiate Eq. 11 with respect to n.
(9 In P 8Wo N

on on n \
1 a &

b T + 5 23 Wt a) [T (2)
a a b c

a a,b

< e[ + XS Wit @) [T Wi(e) (16)

Here we have used the fact that 0W,/0n = 0. To go further we need the other partial

derivatives:

6Wo . ’I’LV2 S5 . 6W1(£a) . Vv S5
on —V 4+ K2 %:wg(m“mj) ; “ on —?;wg(m“ma) (17)

a,b,c -1
Z W2(£a7 :Eb)W2(£c7 fd)]
d

c

Note first that setting Eq. 16 to zero will give a solution of the form n = N/V + O(w,).

We therefore need to keep only terms linear in wy. After differentiating the numerator,
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it will be of order wy;. We keep only these linear terms and set the denominator to one.
Thus, we are left with

dln P N an

o = —V—I— K2 ng (Zs, Z;) ng (Z;, &, (18)

_ —V—I-— _Z ng (Zs, Z;) sz(fiafa)

The latter two terms differ only through a scaling and whether the sums range over the
observed galaxies or the random catalogue; in the absence of clustering they will be equal
and cancel. Hence, they will differ only by another factor of w,; to this order in w,, they

therefore vanish. Thus we expect no linear correction to the simple estimate of n = N/V.

C. First Order Solution for w,(6)

Now, we find the maximum likelihood solution for ws; we will defer most of the
algebraic details to Appendix A.

First, we will need the derivatives of the correlation function integrals:

oWy
N OR 22 07, (19)

1<g

where 6?,1' is one if the distance [in either angular space or real space depending on
whether or not the survey has redshifts] between cells 7 and 7 lies in the bin §. Using the
definition of Landy & Szalay, this becomes

oW, n?V? n*V?RR

dua(8) ~ 2 9=

(20)

where RR is the count of pairs at separation 8 in the random catalogue, as in LS, and

Ng 1s the number of random galaxies put in; this just normalizes things. Similarly,

OWi(ze OWy(%., %)

) __n _ Qb
Ow,() _?;Q%a w,(0) O (21)

Another way of viewing the sums over 7, 7 is to think of them as sums over galaxies in a
random catalogue with the same geometry (and selection function) as the actual survey

but with K galaxies instead of N.



We also define the data-data and data-random pair counts as

DD = %ZZ Oup; DR=D 0, (22)
a b

aj
where again sums over a, b, . .. are over observed galaxies and 2, 7, ... are over cells or the
random catalogue.

After quite a bit of algebra (see Appendix A for details), we find that

Oln P n?V? nV
= ——D DD — (DD 0 F 2
(9’1112(9) N}% RR Nx R+ ( )’wz( )—|- ( 3)
where
B o= "N wy(d,5)| N Y08, - ) 68,
K K <" b

+ 2 z::wz(fm Ts) [% 21: o7, — Xi: GZ,C] (24)

a

We reiterate that the sums over a, b indices are over galaxies in the catalogue, while those
over 1, 7 are over cells or equivalently over galaxies in a random catalogue with the same
geometry. In the latter case the number of cells K can be set to the number of galaxies
in the random catalogue Ng.

Equation 23 would lead to a complicated (albeit linear) matrix equation for w,. To

simplify, we note that E is usually small, and is, in fact, negligible to this order in w,, by
6

a

an argument similar to that after Eq. 18. To see that this is so, note that 37, ©F , is simply
the number of galaxies within the bin § surrounding the galaxy at ,. Equivalently, it is
N times the fraction of galaxies in the bin 8 around Z,. If the galaxies were distributed
randomly, this fraction would simply be (1/K)Y; @Za. So the difference between the
two terms in square brackets is due solely to the non-randomness of the survey, and so is
proportional to w. Thus, each of the terms in square brackets in Eq. 24 are of order wj;
since they multiply terms of order w,, these terms are quadratic in w;. Therefore, they

do not contribute at the level we are interested in.

Finally we are left with the relatively simple expression:

OlnP n21/2 nV
ua(8) ~ NE RR(6) — ——DR(8) + DD(6) — DD(0)w,(6). (25)

The likelihood function therefore peaks when

wd@:(MVWN@RM®—£gZ¥mDRMW+DDM) 26)

9



This expression, while suggestive, is not yet complete. This expression for w, depends
on the as yet unknown parameter n*. As we have seen in the previous subsection, the
likelihood function peaks when n = N/V/, irrespective of w(6); hence we can simultane-
ously maximize the likelihood for both the density and correlation function. Inserting

this value of n here, we find that

(N?/N2)RR(0) — (N/Ngr)DR(8) + DD(9)

walf) = DD(0)

(27)

This then is the maximum likelihood estimator for w,. It differs only slightly from the
estimator proposed by Landy & Szalay; their estimator had RR in the denominator
instead of DD. As a point of notation, we mention that LS refer to their estimator as
(DD — 2DR + RR)/RR; the factor of 2 results from a normalization choice they have
made (in the definition of d in their Eq. 46).

In §IV, we will explore these estimators in greater detail.

D. Width of Likelihood Function

We now want to calculate the width of the likelihood function. Specifically, we are

interested in the matrix

o-l— _ A?lnP
G ) W D P

where the parameters in the theory, A, are the binned w,(#) and n. The variances for

(28)

each of the individual quantities are then 1/C% if all other parameters are held fixed,

a,o

while C, g 1s the general covariance matrix if all parameters are allowed to vary.
Let us first calculate C} by differentiating Eq. 18. We find

N

Con = 2 K2 > wa(&i, Tj). (29)
Z,J

So the variance in n is increased by the presence of correlations.

The next element is obtained by differentiating Eq. 18 with respect to w,. We find

o =2mVi— — —D
Cn,wz(e) Wi T R (30)

*Had we kept the terms in E in our expression for w, then the estimate for w(8) would depend on w
in all other angular bins as well, i.e. on the other free parameters in the theory. After dispensing with
E, we find that the estimate for w(8) still depends on one of the other free parameters in the theory, the
density n.
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Note that this vanishes if there are no correlations. Note also that since Eq. 18 was
accurate only up to order ws,, this expression is accurate only up to order wy. This is
true for C_',, as well: since our expression for 0ln P/0w, is accurate only up to order
wy, the second derivative of will not contain any information about the w, dependence
of the width. We will not be able to distinguish between the width due to a random
catalogue from that due to a correlated one. Carrying through this differentiation on

Eq. 25, we find
Cc1 = DD(01)be1,62 (31)

wy(61),wa(82)
where g1 62 is the Kronecker delta. This agrees with Landy & Szalay’s calculation,
neglecting corrections of order wy. Correlations between w,’s at different 8’s would appear
in the higher order terms. To assess the relative effectiveness of these two estimators, we
could go back to our expansion and attempt to extract the order w3 terms. Alternatively,
we could perform a Monte Carlo to see which has the lower variance. We choose the latter

option.

IV. Estimators of the Two Point Function

Here we would like to test the effectiveness of various estimators. Before presenting
our results, we briefly review previous work. Landy & Szalay analyzed random catalogues,
attempting to measure the variance of their estimator and the more traditional DD/DR.
They found that the variance of their estimator was very close to the expected Poisson

value:

»  _ _ Ng
OPoisson — A2 DD/ AN "
N2RR(0)
Note that this is simply one over the expected number of galaxy pairs per bin squared,
1/N2,;.c On the other hand, the DD/DR estimator gave a larger variance than this at
large angles. They attributed this to the fact that at large distances, the number of

(32)

airs

galaxy pairs per bin goes up and the DD/DR variance has an additional term beyond
Poisson which goes as 1/Npairs. As Npairs gets larger, this additional term eventually
dominates. Bernstein (1993) simulated catalogues with non-zero m-point correlations.
He found that the Landy & Szalay estimator had a larger variance in this correlated case
than what one would expect based on Poisson-counting. As we will see, our work agrees
with both of these results.
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We work in a 32? box (the units are irrelevant). An outline of our recipe is:

1. Generate a galaxy catalogue with of order 1500 galaxies.

2. Compute the expected value of wy from this catalogue using three different estima-

tors: Landy-Szalay (LS), DD/DR, and our maximum likelihood (ML).
3. Repeat steps 1 & 2, 200 times.

4. Calculate the mean and variance of these estimators over the ensemble of realiza-

tions.

To generate a galaxy catalogue (step 1), we input our desired w,(6), and Fourier
transformed to get the power spectrum. We then used this power spectrum to generate a
density field everywhere on a 322 grid. We chose the amplitude of w, to be small enough
so that  was never less than —1 anywhere on the grid. Then, we used the density field
to produce a Poisson realization with at most ten galaxies per cell. Then we randomized
the positions within each cell. Several comments about this proceedure: First, we are by
necessity limited to small wy. Second, we do not trust our results on scales smaller than
one cell size (z = 1). Third, because of periodicity, ws obtained in this way is symmetric
about the half-way point (z = 16), so we restrict our analysis to z < 16.

To calculate the expected value of w, (step 2), we generate thirty random catalogues
with one thousand particles each.! We calculate DD, DR, RR in each of seven bins, the
lowest at 1 < z < 3 and the highest at 13 < z < 15. From these, we construct the three
estimators of interests.

Our results are shown in Figures 1 and 2. Figure 1 shows that all of the estimators
come very close to the true value of wy;. The variance of the LS estimator is indeed
significantly smaller than DD/DR at large separations when the 1/Npis factor begins
to overtake the Poisson variance. The variance of the ML estimator is similar to LS, but
as shown in the top panel of Figure 1, appears to be smaller when w, is non-negligible.

There is one other feature of our analysis which bears note. Figure 2 shows the
variance of the LS estimator as compared with the “expected” Poisson variance, Eq. 32.
The variance of the LS estimator is significantly larger when ws is non-negligible. We

believe this is real and that there are two non-negligible additional terms in the LS

TThis should be equivalent to one catalogue of 30,000 particles but is computationally faster to
analyze. We have checked that this is sufficient by calculating the expected variance of wy for a random
catalogue a la Landy & Szalay. We agree with the expected variance in that case.

12
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Fig. 1: The bottom panel shows the input wy; and the estimated values, using three different
estimators. The error bars for the Landy & Szalay estimator are plotted along with those for DD/DR.
At large distance (with many galaxy pairs per bin) the Landy & Szalay estimator has significantly
smaller variance than does DD/DR. The error bars for our maximum likelihood estimator are similar
to those of the Landy & Szalay estimator so are not shown explicitly in the bottom panel. The ratio of
the two is shown in the top panel. For bins with non-negligible wq, the maximum likelihood estimator
appears to have a smaller variance.
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Fig. 2: The ratio of the rms variation of the Landy & Szalay estimator to the “expected” Poisson
rms, /N%/(N2RR). When w; is non-negligible (at small z) the rms variation is significantly larger
than Poisson. (Blue) circles are variance obtained from 200 simulated catalogues; (red) squares are the
variance expected from analytic results in Appendix B.
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variance, one proportional to wy/N, and one to w?. Appendix B derives these additional
terms analytically. Both the numerical and the analytic result agree with Bernstein’s
results. The differences are: we have included edge effects and we have isolated the fact
that the discrepency is due to these added terms in the variance. It is not due to higher

order cosmic correlations, as these are excluded by construction in our mock catalogue.

V. Conclusions and the Future

The likelihood function would be a wonderful object to compute for a galaxy survey.
By construction, it would use all of the information from the survey and allow us to
compare different theories. As such, we feel it is very important to explore the possibility
of computing this function. Direct computation is impossible, but we have developed
an approximation scheme which appears to work very well. Before specifically detailing
the use we have made of this approximation, we want to emphasize that there are many

ways to branch out from here:

e Use a theory such as Cold Dark Matter with its one or two free parameters. The
approximation scheme developed here can then be used to extract the best fit values

of these parameters.

o Generalize the approximation to include higher-order correlations. This would have
the benefit of using the higher-order correlations together with the two-point func-
tion to constrain theories. Alternately, we could use the ansatz of hierarchical
clustering and results from gravitational perturbation theory to generate higher-

order moments from the two-point function.

e Generalize this work to Fourier space. Theories are most easily compared in Fourier
space so this is a natural way to go. Just as the ML procedure generates a (diagonal)

matrix equation for ws, in Fourier space we have an integral equation for P(k).

e Find a graphical method which simplifies, and helps organize, the expansion we
have introduced. We have relied on arguments like: certain terms, such as £ (Eq.
24), are implicitly of the order of w,?, even though they do not appear explicitly

so. It would be nice to make these more precise and systematic.
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o Go beyond the perturbative approach and try to learn something from the full
likelihood function. This is not as impossible as we made it sound in §II: without

actually computing £, one might still make some very general statements.

We have made progress in the latter four areas. This will be presented in a future
paper.

In this paper we have limited ourselves to one application: finding the place where
the likelihood function peaks if the theoretical parameters are the binned values of the
two-point function. Equivalently, we have come up with a new estimator for w,. We

found that

e The maximum likelihood (ML) estimator appears to have a slightly smaller variance
than the Landy & Szalay (LS) estimator and certainly than DD/DR. To the extent
that the the ML and LS estimators are similar (and they are very similar) this whole

treatment can be thought of as further motivation for the LS estimator.

o There are additional terms in the variance of the LS estimator beyond the Poisson
variance. These terms begin to dominate when correlations are non-negligible and

the number of pairs of galaxies per bin is large.
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We thank Istvan Szapudi for useful conversations.

[1] G. M. Bernstein, Astrophysical Journal 424, 569 (1994).

[2] A.J.S. Hamilton, Astrophysical Journal 417, 19 (1993).

[3] A.J.S. Hamilton, Monthly Notices of Royal Astronomical Society 289, 285 (1997).
[4] H.C. Hewett, Monthly Notices of Royal Astronomical Society 201, 867 (1982).

[5] S. D. Landy & A. S. Szalay, Astrophysical Journal 412, 64 (1993).

16



[6] H. J. Mo, Y.P. Jing, & G. Bérner, Astrophysical Journal 392, 452 (1992).

[7] P.J.E. Peebles, The Large Scale Structure of the Universe (Princeton: Princeton
University Press) (1980).

[8] I. Szapudi & A. S. Szalay, astro-ph/9704241 (1997).

[9] S. D. M. White, Monthly Notices of Royal Astronomical Society 186, 145 (1979).

17



Appendix A. Derivation of Weak Correlation Limit

We will take derivatives of Eq. 11 with respect to ws; and then expand it out to first

order in ws.

61nP 2VzRR

6’[112

[le )4 L zzwzma,m,,nwl ]
l-—Z@bHW@ (Za, T) lef }

a a,babc a,b,c,d ‘|

+ ! ZZZZ 8w { (Za, To)Wa(Ze, Zq) H Wy a_c’)}

(A1)

Since we are keeping only first order terms here, we have dropped the W} term in the
denominator. We can go further though. The term in the denominator linear in W5 is
multiplied by the product of W;’s; these can all be set to one. Similarly, the derivative
operator acting on the last term only affects the W5’s; the W;’s can again all be set to

one. This gives:

OlnP n*V?RR

+ [gwxfmlziwz(fa,fb)]_l
X [—ﬂZG lef += Zzaw {nga,mbHWlf}

a ababc

D WP ma,mwz(mc,md)}] (A2

Now carry out the derivatives:

OlnP n’V?RR

4 [le(fa)%ZX:sz(fa,fb)]_
X [— %%':@anwl(fa) + %ZX:: (GZ,bﬁ Wy(z.)




a ab abc
XU (e + i) | (49
Now expand the denominator:
1 1 ¢
=1-= Lo, Tp) — » [Wi(Z,)—1 A4
ARSI ATACAA I PIP LSO BUL OB IS
So,
Oln P n?V?2
dwy(6) NR kR
+ ll — —Zng Lq, Tp) Z(Wl(fa) — 1)]
a a,b
Y [_ —Z@ZbHWl(a?a) S WCHILACS
a b c
Vo,
_%wg Zq, Tp ZZ@ )
a ababc
+ Z Z Z Z ( apW2(Te, Ta) + @C JW2(Za, a:b)) ] (A5)

Multiplying through, we find

Oln P n2y2 nV . b . 1 a , ab )
6’1112(0) - N}22 RR - —Z(ai,bnwl(ma) + 5;2{; (®a,b1:[W1(:Ilc)
nV

—?wg Zq, Tp ZZ@ )
a ababc

+ ZZ Z Z ( abw2 Te, Ta) + ®c dwz(ma, mb))
- [5 53wl B) + (W () - )
Xl—%%;@f,ﬁ%;i:@ib] (A6)

There are three sets of terms here, those which have w, explicitly in them; those which
are independent of w,; and those which depend on wj only through W; — 1. Let us treat

each of these in turn.

First consider the terms independent of wy in Eq. A6:

n?V? 2V2 nV
RR——Z@eb—I— ZZ@ RR——DR+DD (A7)
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Next consider the terms which depend explicitly on ws.

nV a o a,b a ababc
Ve SN wo(&e, Tp) Z Z o], + % Z Z Z Z ( o ywa(Te, Ba) + OF ywa (s, :Ilb))
a b
1 a L. nV
_5 Xa:zb:wg(ma,mb) — N—DR + DD] (A8)
We claim that the two terms in the quadruple sum on the first line are identical. To see

this, first switch indices a <> ¢; b <> d in the first term. Then it is:

¢ ¢d cd,a ¢ a a,ccda

220000 Ocqun(n @) =300 503, 0wl T, ) (A9)

where we have switched the summations and taken care to guard against summing over
identical a = ¢ for example. Continuing in this fashion, we get the second term in the

quadruple sum. Thus, all terms with explicit wy’s in them are:

nV a,b a,b abc 1( nV ) (Alo)

D> wa(&a, Zp) ——226f6+2222® ~ N DR+DD
a b

Consider the first term in brackets. We can rewrite the sum over e as

Z Z — ) = > (1 = bae — b5e) (A11)

e

Note that since a is never equal to b, this is exactly true. Now the unrestricted sum over
e simply gives DR with the sign and coeflicient exactly right to cancel the third term in

brackets. So the terms with explicit w, dependence are:

a,b a,b,c

SIS 1
D> wa@a, @) | 5= D (00, + O0p) + o Z Z 0!, (A12)
a b 1

The same argument holds for the DD terms. The only terms which remain in the sums
over c,d are those wherein ¢ or d equals a,b,c. Let us do this carefully because there

might be subtleties here.

a,b a,b,c ab ¢
2220 = 223 (1= baa—bw)
c d c d
c a,b
= Z Z — (8ac + bc)] — Z Z(&m + bap) (A13)
c d c d
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So the explicit wy terms become

a
PIPBLLICHEY
a b

nV

a,b
i 200+ O Z@ﬁZ@ﬁZ(@"

(Al14)
We want to focus on one of these terms: the one in which the index d is equal to a or b.

Thus rewrite this last line as
DPIURCAENILLS ST ST NS 30 SPNCAES - INE)
a b It d a b

where we have made use of the symmetry between a, b to sum up lots of identical terms.
Now consider the last term. The @Z,b requires all separations between Z, and & to lie
within the bin §. Within this bin, by definition, w, is constant [this is the theory we are
trying to solve for]. Thus, wy comes out of the sum and we are left with simply DD. So

the terms with only explicit w,; dependence are

Ziwz@, 5) | > L, Z 0f .| — (DDYws(9) (A16)

We can now reinsert all this back into Eq. A6.

oln P n2v? nV
- "V DR + DD — (DD)w,(8
Bws () N,% RE - NR R+ (DD)ws(0)

- —ZGbZW1 +35 ZZG bZWl
- ) - [——Zeb+ )L ]

+ z::z::wz(fa, Tp) [? Z 07, — Ed: (92,,1] (A17)

The terms in the middle two lines nearly cancel, except for the restrictions on the sums.

The only terms that remain from these two lines are those in which ¢ on the third line

equals a or b. Thus we are lead directly to Eq. 23.

Appendix B. Variance of the Landy & Szalay Estimator

To derive the variance of the Landy & Szalay estimator, let us rewrite it in the

following form:
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wyS(0) = > Wij(0)(gi — aqf)(g; — agj), (B1)
43
where
_ 9i,(9)
Em,n ®m,”(0)a2q:nq; ’
and g¢; equals one where the cell contains a galaxy, and equals zero otherwise, whereas g}

W, ;(0)

(B2)

is similarly defined for the random catalogue. The factor a scales the average density in
random catalogue back to the level in the actual catalogue: in other words, « = N/Ng
with N and Ng being the total number of galaxies in the actual catalogue and in the
random catalogue respectively.

It can be shown that the introduction of the random catalogue introduces extra
variance (i.e. variance of the random catalogue itself), which could be eliminated if one
uses a large number of random catalogues, or if one allows the number of galaxies in
random catalogue to increase dramatically. We will compute the variance of wy5(6) in
this limit, in which case, one can replace every aq] by g where § = (g;). Hence, Eq. Bl

is equivalent to

wy®(6) = Z Wi;(0)6:6; (B3)
with " 0..(6)
W)= 5 Omal®) .

and & = (¢: — 9)/q.
The variance is defined by {[w}5(8)]?) — (wk5(8))2. This means one needs the following
quantity:
(6:6;6861) — (6:6;)(6161) (B5)
= [wa(Zs, Br) + 6k [wa(Z5, 1) + 6537 + (k< 1)
which is adopted from Hamilton (1997). This expression holds in the small pixel (contin-
uum) limit, with the restriction ¢ # 7 and &k # [ (for nonzero ) and for Gaussian random
underlying field. We have also ignored terms the contributions of which to the variance

are of order of 1/N smaller than those we have kept.

Putting everything together, we obtain:

_ 2 432151 0:,3(0)0;1(0)wa (5, T1)
=3 _I_ — >

q Ei,j ®i,j(0) Q[Em,n ®m,n(9)]
_|_2 ikt ©i5(0)Ori(0)wa(F;, Zr )wa (L5, %)

[ Omn(0)]2

Variance
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The first term on the right is the Poisson variance given by Landy & Szalay (1993).
The second two terms arise because of finite two-point correlations. They have been
derived before by Bernstein (1993), ignoring edge effects, and by Mo, Jing, & Bérner,
ignoring discreteness effects. Note that both Landy & Szalay and Bernstein obtained
extra terms for the Poisson variance, which we have ignored because they are of the
order of 1/N smaller than those we have kept. The variance in Eq. B6 can be estimated
using the standard technique of counting pairs, triplets and quadruplets using a random

catalogue with the same geometry. For instance one can estimate §°), ; ©;;(0)/2 by

[N? /N3] RR(6).
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